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SUITARY

) In orier to nrovice a bagic for tie erycerimential stucy of

e S o s S

the cownwanh distrlilbutlon over a rotor Elsec in forwaré flight,

an attemnt hae beon mnale to analyze the nroblem theoretically by

extanfiny the wall-Xnowr nonoplane vortex theory to cover the
more co-plicatef sltuatlon oresented by the rellconter rotor,

The tlooretlcal avalrels of a reilconter equipped with a fully 34

artieca’at:- @ ater ie nregernted In detall, In orcder to check 3
thr tieor , A fetniled lavectlratlon of rigl” rotor was made,
Tr2 Nacz of le-iesl przute from thle Investipatlon has been
traced to the ¢Lfflculty of locating the nolntes at which the
downrash 1 nmeacurec with recespect to the tratllng vortlees, a
nogalhle rolutlon tn this nrobler has been faveloned and 1s in-

~luéa¢ in this renort,

$"TECOUCTION

There 1la, at cresent, no satisfactory theoretlcal method
of o»redicting tle cownwasgh dlatributlon over a rotor disc in

forvard fliplt; the nocot frequently uged rethod belnpy to ardli-

trartly agrure tlwat the digeributler 1= either co-e*ait, or
" »

.
L] L

-3

Ya~?. ¢l 1.Jorra*ian =R repr’ously

v
©

t:ia: Tar g 1T,
effe. ¢t t'e pa 1°1*'y of the exnincer to rredict the ;aorforrance
. of a :ellcnvtor, or the air load distriutlon over the biades,

anf lonce the structural lirltations of the rachine,
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In order to surnount this ¢ifficulty, an attempt has been
i riace to develop & theory which relates the Cowniech to tlie vor-

. ticit: shed fronm the blades, It 1s the nurpose of thls report

to devilon this thsory and to present 1t in such a form that it :

may be used by the average practicing enpineer without a de-

talled knowledge of the thcory. }
To this end, the rcsults of thls investigation have been

- nreganted in the form of simple numerical equations, Tiat these k

coun“ionc are in error 1a not an indileatlon that the thesry 1s
in error, hut rather that 1t hae over simpllifled & ver, ccmplex

F nrobler.,

e i ek

p ' It should be noted that the suprected nocfificaticns to the ’

1 thenry vi11 aéd complicatlinng to the investipgatlon «hich 1t wes
orir~inally hooed couléd be avoldec, but will nct, 1: any wey, in-
creage tie conplexity of the equations which express the firal

results,

SY'ROLS
W gross welpht of hellconter, pounds
T rotor thrust, pounds
Q rotor torque, foot pounds ;
M rotor nitching moment, foot pounds 1

rotor rolline moment, foot nounds

resultant velocity at a blace element, feet per second

n <

blacde racdlus, feet

r distarce of blade element from oripin, feet

i

W C—
et e e e e W e S G it i
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\ X ratlio of életance of blade element from orlein to
bladc racdiur, E

' 1 11ft of a blacde elcment, vounde
¢, tvo éimenrlonal 11ift coefflcient, (Tﬁl—w—)
T eVee
nass cenclty of alir, slugs ner cublc foot

tvo dimenslonal slope of the 1i1ft curve, per raclan

c blace chore, feet, i

S e =

o  a=rle of attack, recdlans

L retational veloclty of rotor, raclans ner second

s maiad e i £

g sollidity ratio, £

) - V cosd
( t .~ spee¢ ratioc, R !
M : R
b r.:=her of blaces §
' 1
be ) 3
3

tvo dimernslonal ¢rag coefficlent, ——EQ,-
eV

ccefficlents of quacdracdlc equatlon for the two fimen-
tional cdrag coefficlent, Ca, = 50 + 520(2

rotor trrust coelflclent, (-—-;;——E)
gl 3

rotor nltchin/ moment coefficlent, (-—F,%Erg)
Qs

rotor rolling rorent coefficlent, L
L {: |——}'_1’€N‘Ta)
rotor torque coeffliclicnt, (_i__ig_:r)
e!t T A

;
|
,i
i
i

dovnwash, feet ner second

circulatlion

a::-:lar ¢ipgplacerent of blade albeut oripin, radlans
constant part of blacde root incldexce, radgans

total blade twist, racdlans
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Oc blade incidence caused by cyclic pitch, racdlans i

0y,¢5 eyclie pitch control coefficients, 6, =c1coa‘1’+c391n\\)

: B . chdsalsair Sona i o e

G? flapping angle, radiane

8008782 ]
flapping angle coefficlents, 1
f=80 - ajcoeY- byein¥- spcos2 ¥ - brsin2y ‘

T autoratlic piteh change coefficient,

de : '
1 :
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¥YETHEOD OF ANALYSIS

.....

It is asruned that 24 cdigerete vortices are shec fronm the

§ rotor &isc; one fronm each of four blade stations, for each of 6

e

¢ifferent MHlacde azimuth ongltions, The Jcwnwash at the disc may

thus be comouted in terme of the 24 vortices shed, The strength

of each vortey, on the other rané, s »2lated to the strensth of

T

the clreulation on the “laces at °L "pivotal” nolnts, and re-ce

gevende v the Anwvmwagh ~reated by All the cother trallin- vor- ]
tices,
v
In more detail, the rotor éiec 1s split um into 6 pie- b

shared se;merts, vhich are further divided into 4 zonep each by
[ ]
: concentric circles., (3ee Fip, 1), The reasons for choosing 6
sepgne-ts and 4 zones are purely those of compronlsing ease of {

corrutation with accurac». VNore accuiracy vould require a szall-

er d¢lvision of the disc, but wouléd involve a trerendous increare H
- J

ir tre cost and Aifficulty of solving the rathematics rnuzerizal- ]

1r. ‘

Feferring to Fip., 1, 1t will be seen that the separate

zcneg are ‘wmunded by solid ra’lal lines an? eo'ié conceatric

circles, I¢ ‘p assu~ed that any blade gection anrwhere within

one 20ne woulé rave a constant value of circulatien T, The
; value of tnat circulation 1s %o be determired at a "pivotal® rcint
M wvithla the 2one, As sho~n Y Fig, 1, these rointe are located

g:mretrically !n such a war that all pointe 1ie within the irall-




i PRINCETON UNIVERSITY PAGE
] | AERONAUTICAL ENGINEERING LABORATORY REPGRT 1+

ins vorticeg and plve as nearly average valuees vithin the zone
{ a3 les “ractlical.
iy Blade vositicnr are consldered, recrecente: he ecach of

' the enlic pacial tinee and nence Ty ke rallal bounCAries of

the nones, Cnnelder Ylad- II In Fig, 1., Sinre tie hlade dler

on tha btonndary tetvern the zeneg, it 1s ascumed trhat at oany

Riafa atation tie clirculatior etrength 1e the averesoe Tetween !

roenep hofore and verind, Trat le, frem o oint IlL to roint

17, T= -1‘-,—;'-51‘— s ond from point IIN to roint IIZ, Palic? T,
- 2

Trere Lrop wvertey srked at ovolnt 110, tren, af slirorgti

’
1 .
rarp At "L ool stercn vortieer sred ) ore Tyer PSRN 106 tea
N - - . . .
o o1 patiaY Vine witi 8 clrcuter veunlary, Tre

thoref enct Ye deterp’'nnd by the circulaticn silressT Lo

foor valpilnrlay mover, Tianh af theod wopttoer 1z A 0y tlece 4
raraeshan, ewts Slap Liwap’ alemps Tie Ylafe so e roat, R
reeles ffC thepp, Tre Jevivask at oeact mivntal)l oodint fue on
ff s tavacsien vepticer af prretd AT e Cetepn el e !
MESCIUNTE § S
T seslent Sarcafioacicn fep the Sro S 00 ;
crreét tany o7 the Botor Ui, RaI Y0 Chle '

LR M PN R SR LT EAV R

TIA ke vopdew noaten kY Be Treate ar tton the rrtor

&

tetal of a1 o tee rener af atptincAay: laler, {1 2its e
ThL8 teailtg in A etmraTAtive]; gumnle aale camtey naltern, i
k-
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The Covawvael over the Jlae belng a functien of the reametry of

Wit vare unattern, le trerefars d2tarmiasd by thic asrunmption, 1

] The Dlade Yonfing, ans Loanoe Che gtrecstr oo the trailins vorti-

T e o - - & = . 4 4 . . !
coy, RDe, Lovever, fetlermined by the boundary eoncitlisons avoro- i
*
velpén e astptie s W Tadan WL FES R P Rt S e Ay sy Y A
. 1508 - N vl"h*—-u. PR R R . S i A0 ra T UTErA L A

T

Le arncrsached an thr foreard sooe’ hecane jaree conpsares Lo th

3
:

- i eghend,
:

% .~

Trere ave otler assun tions <tlek are ntdled:

¥
!
s
iy
>
oery
<
¥
Th
t
ERA P

=21l ruter entle of attack, a o 1igl

i

! tnro- {ry Albnr ve tralliny vortices rR; e ool
- ) . L]
t~ Yile ir the niane o the rotar dlcec,, [
' B -- - - -~ 1 s - - . e cae e .
2., Frulacerent ¢f tre actual nulesting Tlow throuph N
L]

_1

‘ t s clse Yooeetad sy Do corrliorel Aan onverace .
5 !

o - . P _— - .r . "

Jtes s Tlee,  Thio Tleet o 2len orn Infiniss numa ]
]
hi E

ver of Lhe treate

went, S nfcltion,

Fomn R BInds due o Trothe erelle varlatlon of Lo
lournd verttaler L3onepireted oooLnmTied Ln o the bao 3
are tuourtlien of ssatiavnrr Rajes Yo fetermin. 1
k
inge the vare, ]
E
mraTing 0 tep Eatar Tlsg ;
:
ARferyis- o8 B v 1t w23t he oresn YAt o oacslrth biade
aps ¢conridiere” are identifles by the Roman rimerale I
trroarh VI, Tie rafial Youtlaiien of the zonern, and hesce 16 ]
Y
radit At w.leo % yarticen peel off, are danoted Yo tie cAavlital
4

e cABItAY 1etter 5 ia ure” Af A fule-
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1
F : aprint +a denqte any one nf the Baran amergls, The an-ttal
E
Yetinr T e and cflmtTreTr te &L rte wnr of the rutlital Yotterg,
: Mot AT'NJ""“". *hv e he ond da 43a 41 Fa g bogendlan naps !
: = * SRS L8 A rel
| ad~,  Try Lcsteacd, U0 YelIL ans TaF, thes BT gitentiTler the
! Barvaetiea garter (1¥ustrnted N FUeL Y.
3
: Tha animith relsinne af the plivatal malqty avn Arcads’ he
2
] . -
3 eoapalte wurerals L ot 4, TRe rafial resiticsc of ths -iviee
1
1 olnts R e Yewer gaca Yotters & throush 2, Tho evhoorinis on
et oape Nerd tn Sersdte pmy o wnluts o7 the oarchisa oo mevals and
LAl TetTare wearestiyat e, Thun vl Treome”oan’t el w1 he
C -
Vet W Lot parmass b s Anpcangt b S nlvetal qolrt Lt oAazia
at roaittlae D oanlt radlue h, Toe slrouTactlinn adrs sttt Lo onTeo
L]
PR . . L N LT - PR T T ~ ey - -~ T <~
Tens. K. t-Y o N - T IR
LIRS rzb , B S =R Q- cNE CERe mEEEe A Ed
) P e Y ')‘:J. i
. EdE groact Loratto, A Tem o fopnt lv-ea) Jelonl 1
! ot mecr g deatymTlie 10 lave tte oAl Al larn of e ot i
grnmetrical, L8 orat fron o estletlo cinslieratiing, il Troo L9 E
9
ate: Tt AT vty o Yo opnToutee Y e, Tl e Toat by 3
cuen nartes o enflal Alvielore are oullel Top, Tusllers, slice ;
N A FLAE SRR B DA TR I DR Y. T L TSN | SRR (O & k
CE-:".T‘."..".B‘ l. LIS e .' - e :-. :.. .. : .. . " .. o: - . T am e e - 1":. ]
in the tmmacipte wletalee of g0 TesATEn vty owernt 0 nwia ]
. wash o can L ttoapd folte) owAp ant oan, ve Tioetet cotailr LY vl 3
CERIT I werlry Datters arn thle vtalaten e artual o ovricag 1
-
wle® rea, Terce, e raclial) Yividiorn Tpemoohoall i veptino: 4
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gnrine rnuat be orlente? so that one of the cdlvislons lles on the

fore-and-aft dlareter of the cdise, rurels by intultlon 1% scerme

ions is about the mirmimum Tor reaconahle ac-

azimuth variations in T anéd w, Also for

ng the ra“’al varlation of these terms 1t geenn that four

ts on a Dlace 1g the mi-imum for reasorable accuracy., Thleg,

-
iy

tweer

-

ouree, reans 2L noints in all, Fortunately, the 24 eguatlons

tin are ahnut the larprest nurber that can be solvecd effi-

1y with ctanfard

ear a tralling vortex,

T ~rovel far (00

irrarta:

IPM equlipnrent,
it conglderation in choceling trhe raclil of
e to keen the nivotal volnte from fallinc

Joe time was snent on trodins to ea-

tabhilel g-rn2 aral=tical -otrod for vlaving the onlvotal neints,

i-tricate to bhe ~ractical, I trial and

ceryor the hert ralution seemed to he locate the volats at wnich

artices £orins Trom the Yln‘es at eaual filstarces alons tre

Pl e o

p, henre ».=z 07

Lons were Yoeatel ey tiac tlenr Tell at rolnts equld
tihp *ra'llic~ v ~tirep on the Jateral Slameter of the rot

Tour rave tle fellnelo~ lecationg ¥,5 193, W =, ?2¢ . x = 2L and

n, Tre wlvotal

3

- - -
STAantT op

[

>~

& ]

»
-

Tvatuating of Coefficlents

The (nenvast, at a nlvetal tolnt, nl, due to one of the lorce -

elo0 vortteer, LT .

~nv re exrregneé as

T -8

(>

~TR

L A
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e e e

where the Yinear ¢lirenslons involved in ¥ _ ..., are in per cent ra-
o

oy
dlug of tie rotor,

The vortex 16 ascurmed %to have a nositive sirn if ite sence
ia for rore nositive T inboard, and lees positive ™ outboard
of the noint 7, The dovnvash v, 15 noclitive C(covnvaris, so k
is vosltive 1T the poeitive vortey incduces dovrvash at the pi-
voial noint,

rif. 2 showe a voriex ghad from the “upstream” slée of the
tan (Y, <187y, Tre vorvex chovr is nositive ag “eflived a-

Love,

Tre ¥ enefficient 45 In tiree parts?1=k14-k2+.k? due, rees-

nectivelr to the rarts of o tarsen’ce lavellet 1, 2 and T lIn
e Bl St
vz L+ e
& %
k. e 14-ne Yo
Y Xesln Yo
. w e ¥ 1/
W, W=l sw s
!
viere te = cog Yy - Y
1s :

T ¥+ = X,CO8 {\VY.. -t
L v 10

I
\ 2 2
3 JAT ¥ 0T

az X,eusY - x_ eV,
v g 'Y

b
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¥, = x,0on (W =W
cor (W -W) + .
\/x‘;+ X7 - 2x r.con (W, -W,)

!

J’.J cos Y, - x

-
v

+
— TN
o7
oy
|
€

r id 2
tens¥n o0 +/x;+ ¥, - 2x _x . coo (W - W Y [(€)
L J v

,_.
N
1
£
2
)
3
3
£
3

L S W ¢ R | B e 3 % ek % v o we—rb——

(x-.- ..1:..': \’JN -— :‘T‘. .Q.'. Wﬂ(

- +

-

wiere, for:

[

r

£
z\-
1]
o ]
e |
o
)
T
l-h" -
{)’f
—
-

7’

-
€

2]
i
L]
L]

e T
f..-

=5
L ]
1
A
!-—
e e
"
H
—t

1)
-+
FA

£i

-
<
AN
-
r
MEA
L o
. e |
b
-
’_---'\f—.“"'-\_
-
i3
£

contion Diatpibaetion,

T laslc rguation melatin~ the atpeulation Ans tle e s ]

Tt Sl cmteanY Plgy A ]

PVl o7 *

- i i

\her ‘=’(CV ey (s) i
e e s A, .2 (R ae :7
\

1

CQTAINS €Quatlon 7 to ectuation 2 and polving Cor T , the !

Follrwlem pamilt te obtal ned:

T.. - n"vy. ar

T 9w (Ca)




F PRINCETON UNIVERSITY 1L

— S . . T _ N ) Ve
AERONAUTICAL ENGINEERING LABORATORY REPCRT
3 )
! vhars & 40 the rromctrie angi- of attack,
At oa e-acific ivota) uvelnt, eouatlion Ga Lo fubcerl to0 in
5 tr2 a1 nclne pannnr, !
i
= A r ac ., .
1 Fl& ) 1"’!".‘. a‘n.l = L) ‘”.11‘ ("““"
s Iv eauation 9% the asubecrint n) Tas hesn unferlines to in7li-
i cats trat a amecific mivetal noint 1z meant, Thie le of value
o
1 vhan 4t le napegeary to Ailfferentiate trlc vivetal ueint from all
atrer melate L=volved In surmmiatlons, 3
The ereregslorn Tor 1. total dewnrash at oa z.eclilflic Ivolal 1
wt ene ho wnbitten ap 1
l -
VoS pmp K L AT (17)
2.4 o LI Tyne v N

Tecnine af the relatlon bat-een the vortex serensth, AT
an ir she reiprherine zores, ey rescet U QGL&-

. L, equAaTiacs 1N A Ve peviitier as
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